The purpose of this study was to clarify the effect of sucrose on auxin-induced growth of stem excised from growing tulips and excised directly from cooled and not cooled bulbs, and on the growth of excised IV internode from growing plants in the presence of auxin. In all cases flower bud was replaced by IAA (indole-3-acetic acid, 0.1%, w/w in lanolin) and basal part of excised segments of stem was kept in distilled water or in solution of various sugars at different concentrations. IAA-induced growth of excised stems isolated from growing tulips was inhibited by sucrose at concentrations of 5.0% and 10.0%, but sucrose at 1.25% and 2.5% did not. Sucrose at all concentrations used evidently delayed senescence and increased chlorophyll contents in excised stems in the presence of IAA. Sucrose induced stiffing in isolated stems in the presence of IAA, and much less infective by pathogen in comparison to stem treated with IAA only. Mannitol and sorbitol at concentrations of 5.0% and 10.0% substantially inhibited IAA-induced growth of stem segments. Stem segments excised from cooled and not cooled tulip bulbs were more sensitive than those isolated from growing shoots due to application of sucrose and glucose; more inhibitory effect was observed. Sucrose at concentrations of 5.0% and 10.0% only slightly inhibited growth of IV internode treated with IAA and all concentrations of sucrose (1.25%, 2.5%, 5.0% and 10.0%) substantially increased chlorophyll content. The possible mode of actions of sucrose interacting with auxin to regulate stem growth is also discussed although sugar response is complicated by the fact that plants have multiple sugar-response pathways.
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INTRODUCT ION
In tulip bulbs with terminal buds containing a complete flower, cold treatment for a period of 12-16 weeks is required for floral stalk elongation (De Hertogh, 1974) . Enlargement of the stem and leaves of cooled tulip bulbs is entirely due to the elongation of cells produced in earlier developmental stages (Gilford and Rees, 1973) . Excision of the flower bud and all leaves in the early stage of tulip growth resulted in almost total inhibition of stem growth, and this inhibition was almost completely recovered by the exogenous application of auxin to the place where the flower bud had been removed (Saniewski and De Munk, 1981; Banasik and Saniewski, 1985) . The application of indole-3-acetic acid (IAA) to the cut surface of the top internode in stem segments prepared from growing shoots of cooled tulip bulbs substantially promoted the growth of all internodes (Saniewski et al., 2005) , suggesting that auxins produced in flower buds and leaves, mostly gynoecium, are transported basipetally and regulate cell elongation in all internodes.
On the other hand, Saniewski et al. (2007) have recently reported that in stem segments excised from cooled and not cooled tulip bulbs stored for three months at 5 °C and 17 °C, respectively, after flower bud formation, the growth was enhanced by IAA applied to the place where buds were removed. They also reported that the elongation of excised IV internode with node or without node, after removal of the flower bud, was much higher than that of intact IV internode in growing tulip shoot without flower bud (Saniewski et al., 2010) . Furthermore, IAA applied to the cut surface of excised IV internode, just after removal of flower bud, had little effect, or only slightly, on growth of the IV internode. The reason why there are some differences in the growth of excised and intact IV internode of tulip shoots after removal of the flower bud has not been clear yet.
On the basis of dry weight of different internodes of untreated and IAA-treated stems it is suggested that carbohydrates occurring in the first (basal) internode are utilized for the growth of the upper internodes, especially III and IV internodes induced by auxins. Soluble sugars, especially sucrose, play an important role in plant growth and development as a carrier of energy, carbon partitioning, and regulator of osmotic potential and signalling molecules. It is possible that the growth of excised tulip stem induced by IAA is limited by endogenous sugars that can be readily utilized in elongating cells as well.
In this study, we report the effect of sugars on the IAA-induced growth of stem excised from growing tulips and excised directly from cooled and not cooled bulbs, and on the growth of excised IV internode from growing plants in the presence of auxin. Possible role of sugars in stem elongation in the presence of auxin is also discussed.
MATERIAL AND METHODS
Tulip bulbs (Tulipa gesneriana L. cv. Apeldoorn) with circumference of 10-11 cm after lifting, were stored at 18-20 °C until October 20 and then the following experiments (A-C) were carried out. After appropriate incubation, the length of all internodes was measured. In experiments (A-C), 10 to 12 segments were used and the respective experiment was repeated three times. In some experiments, the contents of chlorophylls and free phenolic compounds were determined.
The content of chlorophylls extracted from the middle part of III and IV internodes with acetone was determined spectrophotometrically (Bruinsma, 1963) . Chlorophyll content was calculated for 1 cm internode explants. Five plants were used for determination of chlorophyll in each treatment.
The length of internodes and chlorophylls content were subjected to an analysis of variance and Duncan's multiple range test was used for means separation at p = 0.05.
Total amounts of phenolics in lyophilized stem tissues prepared from the middle part of III and IV internodes were determined by Folin-Ciocalteau method published by Singleton and Rossi (1965) and modified by Kaur and Kapoor (2002) . Absorbance at 700 nm was measured and the results were expressed as contents of chlorogenic acid instead of catechol.
Experiment A
Tulip bulbs were transferred to 5 °C for dry cooling until planting. After full cooling of bulbs the tunics were removed and the bulbs were individually planted in pots and cultivated at 18-20 °C in a greenhouse under natural light conditions. Shoots were excised at the basal plate from the growing tulips, and then all leaves and flower bud were removed. In the place of removed flower bud, a small amount of lanolin (control) or lanolin containing IAA (0.1%, w/w in lanolin) was applied. After the treatment, the excised stems were kept in distilled water and in different concentrations of sucrose, mannitol or sorbitol until the end of the experiment.
Experiment B
Tulip bulbs were transferred to 5 °C for dry cooling or stored at 17 °C (not cooled bulbs). After full cooling of bulbs and in the same time from not cooled bulbs, stem segments consisting of all internodes were excised, and flower buds were removed. Lanolin paste alone or containing IAA (0.1%, w/w) was applied at the cut surface, the place where the flower bud was removed, of the stem segments. The stem segments were kept in distilled water or in solutions containing different concentrations of sucrose and glucose until the end of the experiment.
Experiment C
Tulip bulbs were planted in field conditions. At different stages of growth the IV internode with or without node was excised from tulip shoots, and flower bud was removed. Lanolin alone or containing IAA (0.1%, w/w) was applied to the cut surface of the IV internode instead of the flower bud. The basal part of the excised IV internode was kept in water or in sugar solutions as in Experiment B.
RESULTS AND DISCUSSION

Effect of soluble sugars on growth of tulip stems
As described previously (Saniewski et al., 2005) , in isolated stem segments from growing tulips, kept in distilled water and treated with lanolin only (control), the growth of stem segments was very small. On the other hand, the application of IAA as a lanolin paste at the cut surface of flower bud greatly promoted the elongation (Fig. 1 , Tab. 1 and 2).
Sucrose applied alone did not affect growth of isolated stem segments in comparison to that of segments kept in distilled water (data not shown). On the other hand, if the isolated stems treated with IAA were kept in solution of different concentrations of sucrose, differential reaction in stem growth depending on sucrose concentration was found. Sucrose at concentration of 1.25% and 2.5% did not affect growth of isolated stems. Sucrose at concentrations of 5% and 10%, however, evidently inhibited stem growth promoted by IAA, proportionally to sucrose concentration (Tab. 1 and 2, Fig. 1 ). Sucrose at higher concentrations also caused stiffening of isolated stem segments and decreased infection by pathogens in comparison to treatment with IAA only (data not shown).
It is worthwhile to report that sucrose at 10.0% did not inhibit elongation of IV internode in the presence of IAA, but inhibited growth of lower internodes (I, II, III). Differently from the effect on internode growth at the concentration of 10%, sucrose at concentration of 5% stimulated the growth of IV internode but inhibited the growth of all lower internodes in comparison to treatment with IAA alone; similar tendency being observed at 2.5% sucrose. These results suggest that interaction of sucrose and IAA on growth of isolated stem segments is completely different in each internode.
On the other hand, as well as sucrose, mannitol and sorbitol applied alone at concentrations of 5.0% and 10.0% had little effect on elongation growth of isolated stem segment in the absence of IAA (Tab. 3, Fig. 2 ). Similar to sucrose at 5 and 10%, both mannitol and sorbitol at concentrations of 5 and 10% substantially inhibited IAAinduced growth of isolated stem segments in a concentration-dependent manner; mannitol showing more inhibitory effect than sorbitol. It is possible that sucrose and glucose act by affecting osmotic potential in excised tulip segments induced by IAA, since mannitol and sorbitol, well known as osmotic regulators, mimicked the inhibitory effect of sucrose and glucose. Sorbitol, sucrose and glucose have already been found to inhibit hypocotyl elongation of Arabidopsis (Gibson, 2005) . These facts suggest that inhibition of elongation of isolated tulip stems by high concentration of soluble sugars is partially due to osmotic stress and metabolic suppression. T ab le 3 . The IAA-induced growth of stem segments isolated from cooled and not cooled tulip bulbs was also greatly inhibited by sucrose (Tab. 4 and 5, Fig. 3 and 4) . Glucose also inhibited IAA-induced growth of isolated stem segment from cooled and not cooled bulbs. Both sugars at concentrations of 5.0% and 10.0% totally inhibited tulip stem segments elongation induced by IAA. Thus, stem segments isolated directly from uncooled and cooled tulip bulbs are more sensitive to the application of sucrose after treatment with auxin than segments isolated from growing shoots T ab le 4 . Interaction of IAA and sucrose on the growth of the stem isolated from cooled and uncooled tulip bulbs. IAA was applied in the place of removed flower bud and the explants were kept in water (control) It has been documented previously that the higher growth of the excised IV internode, in comparison to that in growing tulips after removal of the flower bud, is caused in the absence of exogenous IAA (Saniewski et al., 2010) . Exogenously applied IAA had little or slight inhibitory effect on growth of the IV internode segments . This suggests that relatively higher levels of endogenous auxin are still present in the IV internode, which accounts for the elongation, and that growth of excised IV internode of tulip stems is limited not by IAA but by other factors. In isolated IV internode segments from tulips growing in field conditions, only sucrose at concentrations of 5.0% and 10.0% slightly inhibited growth of IV internode cut below and above node, treated with IAA (Tab. 6-8). The importance of dynamic changes in carbohydrate metabolism for flower stalk elongation in tulips has been reported (Lambrechts and Kolloffel, 1993; Lambrechts et al., 1994; Balk and de Boer, 1999; Ranwala and Miller, 2008) . These results suggest that metabolism of sugars readily utilized in elongating cells is involved in stem elongation of tulips.
Effect of soluble sugars on chlorophylls and phenolic compounds in tulip stems
As shown in Fig. 1 , the senescence of the isolated stem segments from growing tulips, kept in distilled water proceeded during the incubation. The application of IAA substantially delayed senescence. On the other hand, the application of sucrose together with IAA evidently delayed senescence. Sucrose at all used concentrations substantially increased chlorophyll contents in stem segments treated with IAA in comparison to IAA applied alone (Fig. 1, Tab. 1 and 2) .
In isolated IV internode from tulips growing in field conditions, treated with IAA the content of chlorophylls was much higher than those not treated with IAA, whereas growth was only slightly promoted by IAA. Furthermore, sucrose at all concentrations (1.25%, 2.5%, 5.0% and 10.0%) substantially increased chlorophyll content (Tab. 6-8), whereas sucrose at concentrations of 5.0% and 10.0% inhibited growth of IV internode cut below and above node.
The greatly increased chlorophyll content by sucrose in auxin-induced growth of tulip stem segments, may be caused by delaying of senescence, increased chlorophyll biosynthesis or retarded chlorophyll degradation. It is well known that sugars prevent senescence of cut flowers and vegetables. Sucrose improved the postharvest life of cut flowers of Limonium (Doi and Reid, 1995) , Liatris (Han, 1992) , Eustoma grandiflorum (Cho et al., 2001) , and many other species. Sucrose supply increased longevity and inhibited chlorophyll degradation of broccoli (Brassica oleracea) branchlets (Irving and Joyce, 1995) . Sucrose and glucose at concentration of 0.2 M is well known to stimulate biosynthesis of chlorophyll in excised, starved leaves of bean exposed to red light, whereas sucrose had no stimulatory effect when the cotyledon was left attached to the leaf, indicating that the endogenous carbohydrate level was saturated (Wolff and Price, 1960 ). An effect of sugars in stimulating chlorophyll formation was also reported in etiolated detached leaves of various species by other authors cited by Wolff and Price (1960) . As mentioned above, sucrose at higher concentrations also caused stiffening of isolated stem segments and reduced infection by pathogens in comparison to IAA treatment only. Higher concentrations of sucrose such as 2.5% and 5.0%, in the presence of IAA, evidently lowered free phenolic compounds content measured in III and IV internodes, whereas effects of sucrose at 10% on phenolic compound has not been determined in this study (Tab. 2). The decrease in endogenous level of free phenolic compounds is possible to increase lignin contents, resulting in cell wall stiffening and preventing pathogen infection in tulip stems. Morkunas et al. (2005) showed that exogenous sucrose at concentration of 60 mM caused a marked increase in endogenous concentrations of sucrose, glucose and fructose in embryo axes of yellow lupine (Lupinus luteus L.) and induced generally higher levels of isoflavone glycosides and free aglicones (genistein, wighteone, luteone). Exogenous sucrose also stimulated the activity of phenylalanine ammonialyase (PAL), an important enzyme initiating phenylpropanoid metabolism. Disease symptoms of yellow lupine embryo axes by Fusarium oxysporum f. sp. lupine growing in the presence of sucrose have been reported to be less intensive (Morkunas et al., 2002) . Morkunas et al. (2005) also suggest that soluble sugars are involved in the mechanism of resistance, as they can stimulate phenylpropanoid metabolism and contribute to the increase in concentration of isoflavonoids which are important elements of the defence system of legumes. Increasing sucrose concentrations promote phenylpropanoid biosynthesis in grapevine cell cultures (Ferri et al., 2011) . Gutierrez et al. (1995) showed that detached leaves, leaf disks and cut stems and hypocotyls of sunflower plants accumulated coumarin phytoalexins. The link between sugar signalling and lignification is particularly interesting. Rogers et al. (2005) suggest that sugars are not only essential sources of carbon skeleton for lignin biosynthesis in Arabidopsis thaliana but sucrose may indeed function as a signal to enhance the activity of the lignin biosynthetic pathway, through a mechanism that does not involve direct signalling through hexokinase. Judging from the results obtained in this study, together with the facts described above, stiffness of excised tulip stem after treatment with IAA and sucrose might be caused by enhanced phenylpropanoid metabolism induced by sucrose and in consequence increased production of lignin in tissues. Further studies of the effect of sugars on the phenyl propanoid metabolism in tulip stems will be required.
Soluble sugars, especially sucrose, glucose, and fructose play central role in plant structure and metabolism at the cellular and whole-organism level (Couée et al., 2006) . The main role of sugars in metabolism is its function as a carrier of energy, carbon partitioning, and regulator of osmotic potential. They are involved in many other processes and act also as metabolite signalling molecules that activate specific or hormone-crosstalk transduction pathways, resulting in important modifications of gene expression (Smeekens, 2000; Rolland et al., 2002; Gibson, 2005; Koch, 1996) . Arru et al. (2008) showed that sucrose at concentrations of range of 15 to 120 mM did not enhance the growth of tomato hypocotyls segments induced by 2,4-D or brassinolide, but sucrose at a concentration of 15 mM or higher in the presence of 2,4-D or brassinolide induced expansin gene LeEXPA2 transcript, member of a multigene family of extracellular proteins that mediate cell wall extension and relaxation during growth. Cui et al. (2010) showed that high content of sucrose in adventitious root cultures of Hipericum perforatum resulted in osmotic stress and, in turn, induced the accumulation of secondary metabolites.
It is well known that starch, fructose polymers and sucrose are the main storage carbohydrates in the bulb scales of tulips (Moe and Wickstrom, 1973; Thompson and Rutherford, 1977) . In the tulip leaves, fructose, glucose, sucrose, myo-inositol, stachyose, tuliposides A and B, and traces of arabinose and xylose were found (Rutter et al., 1977) . In the flower stem of tulips the occurrence of sucrose, glucose, fructose and starch is well documented (Lambrechts et al., 1994; Ranwala and Miller, 2008) .
Sucrose plays a particularly important role in plant growth and development, as it is the major form of sugars translocated in plants (Gonzali et al., 2006) . In tulip stems, sucrose interacting with auxin has various effects on the regulation of growth, metabolism of chlorophylls and phenol compounds, and others. Multiple effects of sucrose in the presence of IAA might be due to the fact that plants have multiple sugarresponse pathways (Gibson, 2005) . wanej lub w roztworze cukrów o różnym stężeniu. Indukowany przez IAA wzrost izolowanych łodyg z rosnących tulipanów był hamowany przez sacharozę w stężeniu 5% i 10%, a sacharoza w stężeniu 1,25% i 2,5% nie powodowała zmian we wzroście. Sacharoza we wszystkich zastosowanych stężeniach opóźniała starzenie się łodyg i powodowała wzrost zawartości chlorofilu w izolowanych łodygach w obecności IAA. Sacharoza indukowała większą sztywność izolowanych łodyg w obecności IAA, a łodygi były dużo bardziej odporne na infekcje przez grzyby w porównaniu z izolowanymi łodygami traktowanymi tylko IAA. Mannitol i sorbitol w stężeniach 5% i 10% hamowały wzrost izolowanych łodyg indukowany przez auksynę. Łodygi tulipana izolowane bezpośrednio z przechłodzonych i nieprzechłodzonych cebul były bardziej wrażliwe na traktowanie sacharozą i glukozą w obecności auksyny niż łodygi izolowane z rosnących tulipanów; stwierdzono większe hamujące działanie cukrów. Sacharoza w stężeniach 5% i 10% w małym stopniu hamowała wzrost IV między-węźla traktowanego IAA, ale wszystkie zastosowane stężenia sacharozy (1,25%; 2,5%; 5% i 10%) powodowały wzrost zawartości chlorofilu. W pracy dyskutowane jest możliwe działanie sacharozy w interakcji z auksyną w regulacji wzrostu izolowanych łodyg, chociaż mechanizm ten jest złożony ze względu na wielokierunkowe oddziaływanie cukrów na metabolizm rośliny.
